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SUMMARY

W. Christopher

A methodispresentedforthecalculationof liftcoefficientsfor
rectangularliftingsurfacesofaspectratiosfrom0.125to 10oper-
atingatfinitedepthsbeneaththewatersurface,includingthezero
depthortheplaningcondition.Thetheoreticalexpressionforthelift

& coefficientismadeup ofa lineartermderivedfromlifting-Mnetheory
anda nonlineartermfromconsiderationof theeffectsof crossflow.The
crossflowdragcoefficientisassumedtovarylinearlyfroma maximum

● at anaspectratioof O to zeroat an aspectratioof 10. Theoret-
icalvaluesarecomparedwithexperimentalvaluesobtainedatvarious
depthsof submersionwithliftingsurfaceshavingaspectratiosof 0.123,
0.25,1.W),4,6, and10.

Themethodof calculationisalsoapplicabletohydrofoilshaving
dihedralwherethedihedralhydrofoilisreplacedby a zerodihedral
hydrofoiloperatingat a depthof submersionequaltothedepthof sub-
mersionofthecenter-of-loadlocationon thesemispanof thedihedral
hydrofoil.

Liftcoefficientscomputedby thismethodareingoodagreement
withexistingexperimentaldataforaspectratiosfrom0.125to 10and
dihedralanglesup to 30°.

wide

INTRODUCTION

Hydro-skisandhydrofoilsforwater-based
rangeof conditionsfromdeepsubmergence

aircraftoperateovera
to intersectionwiththe

watersurface.Withnonseparatedflowssmdlargedepths,available
aerodynamictheoriesapplydirectlyto thehydrodyusmiccase,including

- thoseforfractionalaspectratios(ref.1). Forthezerodepthor
planingcondition,a numberof semiempiricalmethodsexistforcalcula-
tingtheforces(ref.2). At shallowdepths,theeffectsof thewater

&
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surfacemustbe takenintoaccount,andrigorousmethodsforpredicting
theliftanddragofhydrofoilsas theyapproachthewatersurfacehave
beendeveloped(ref.3).

*

Considerationsof theresearchoutlinedindicatethata theoryis
attainableforallpracticalaspectratiosandanydepthincludingthe
planingcondition.Italsoappearspossibleto includetheeffectsof
hydrofoildihedralby consideringthevaryinginfluenceofdepthover

—

thespan.Thispaperpresentssucha theoryfortheliftofa rectan-
gularplan-formelementanda correlationwithexperimentalresults
obtainedpreviously.

.

SYMBOLS

A

a.

b

‘%,C

CL

CL,C

CL, ~

c

d

d’

f

ft

K2

K3

aspectratio

two-dimensionallift-curveslope

span,ft

crossflowdragcoefficient

totalliftcoefficient

nonlinear(crossflow)componentof liftcoefficient

linearcomponentofliftcoefficient

chord

depthof submersionofmidthicknessofleadingedgeforflat
plateorleadingedgeon chord.lineforhydrofoils,chords

depthof submersionofhighestpointonuppersurfaceof
liftingsurface,in.

effectivedepthof quarter-chord,chords

&pth of quarter-chordat tip,chords

two-dimensionaldepthcorrectionfactor

three-dimensionaldepthcorrectionfactor

m

.
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●

h meanwettedlength,ft

b a angleof attack,radiansunlessotherwisestated

ai inducedangleof attack,radians

%=0 angle of attackat zerolift,deg

r angle ofdihedral,deg

r= circulation

THEORY

LinearComponentofLift

% Thegeneraleqmtiongivenby aerodynamiclineartheoryforthe
liftcoefficientofanairfoilis

where a. isthetwo-dimensional
isthegeometricangleofattack,
Eqpation(1)ismdifiedby Jones
aspectratioontheedgevelocity

ao(a-9)

3

(1)

liftcoefficientpresentedbyJonesis

lift-curveslopefora thinwing, a
and ~ istheinducedangleofattack.
inreference4 wheretheeffectof
is considered.Theequationforthe

%,2=+(a-ai)
(2)

where E istheedge-velocitycorrectionfactorandisexpressedas the
ratioof thesemipertieteroftheMftingsurfaceto itsspan(foran
ellipticalplanform).Usingthisratiofora rectangularMftingsur-
faceresultsin

~_A+l_—
A (3)

.
Usingthevalueof ~

()
%2forellipticalloading~ =* , equation(2)

becomes
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aotia
CL,1 = suli-fi+ao

andwith a. = 2fi

_ 27cAa
CL,1 A+3

NACATN4168

(4)

(5)

This,therefore,istheequationfortheliftcoefficientof a rectan-
gularairfoilor deeplysubmergedhydrodynamicliftingsurfacegivenby
thelifting-linetheoryas correctedbyJones(ref.4). Eqmtion(5)
resultsinthesamelift-curveslopefora rectangularwingoffinite
aspectratioas giveninreference5.

NonlinearComponentofLift

Liftingsurfacesof lowaspectratiohavea nonlinearlift-curve
slopethatis attributedtoan additionalcomponentof liftduetothe
effectsof crossflow(ref.6). Thecrossflowcomponentofthelift
coefficientisexpressedas

CL,c = CD,Csin2acosa (6)

where ~,c isthecrossflowdragcoefficient.Experimenthasshown
thatthecrossflowdragcoefficientvariesconsiderablywithplanform
andedgeconditions.As a resultthstheoreticaldeterminationofthis
coefficientisverydifficultandthesimplecasesthathavebeen
solvedhavenotcorrelatedwithexperiment.ForexampleRayleigh~s
classicalvaluefora flatplateincavityflowwhichcorrespondsto
planingis0.88,whereasplaningexperiment~~eldsa valueof 4/3
(ref.2)forthis=case.Forthesubmergedcase,where(consideringonly
crossflow)a dead-waterregionispresentontheuppersideofthe
liftingsurface,an increaseinthecrossflowdragcoefficientby a fac-
torofapproximately2 maybe expected(ref.7). Inviewof this,the
valueof 8/3,ortwicetheexperimentalplaningvalue>iSassum=dforthe
submergedcondition.Forhighaspectratios,thelineartheoryalone
predictsthevalueofliftcoefficientobtainedexperimentallyandthe
additionofthecrossflowcomponentofliftcoefficientresultsInval-
uestoolarge.Tbaccountforthissituation,thecrossflowdragcoef-
ficientisassumedtovarylinearlywithaspectratiofroma maximum
valueat A = O to zeroat A = 10. Thecrossflowcomponentoflift
isthenexpressedas

.

.

.-
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c
1,. = !?(’-+4‘in2a‘Osa

andthetotalliftcoefficientforanairfoilor a deeply
dynamicliftingsurfaceisgivenby

()_ 2YIACL+81 A
CL– A+3 ~ -m SinzaCosa?

EffectsofDepthofSubmersion

Correctionfactors.-As thedeBthof submersionofa

(7)

submergedhydro-

(8)

.

fullYwetted
hydrodynamicliftingsurfaceisdec;eased,theliftcoefficien~decreases
owingto thefree-watersurfaceboundaryandapproachesa minimumasthe
leadingedgeapproachesthewatersurface.Whentheleadingedgepene-
tratesthewatersurface,theliftingsurfaceenterstheplaning
condition.

*
Theequationfortheliftcoefficientcanbe correctedto include

theeffectof thefree-watersurfaceby applyingtwo-dimensionaland4 three-dimensionalcorrectionfactors.Thetwo-dimensionaldepthcorrec-
tionfactor~ isdetermhedbyconsideringtheeffectat thetbree-
quarterchordofa submergedtwo-dimensionalliftingsurfaceof sm
imagelinevortexlocateda distanceabovethewatersurfaceequalto
thedepthof submergenceofthequarter-chordoftheliftingsurface.
Thevorticityofboththeliftingsurfaceanditsimagearelocatedat
theirrespectiveqwter-chords.Theequationfor ~ forsmallangles
of attack(wherethequarter-chordandthethree-quarterchordareessen-
tiallyat thesamedepth)isgiveninreference3 andisexpressedas

%=
(4f)2+ 1 (9)
(4f)2+ 2

where f isthedepthof thequarter-chotiin chords.(Thecorrection
factorK2 isexpressedinref.3 astheratioofthelift-curve
slopesa’oa/sol>

wherethesubscripts1 and2 referto infiniteand

finitedepthsofsubmergence,respectively.) Forsmallaspectratios,
theeffectof angleof attackonthedepthcorrectionbecomesappreci-
Xle sincethedifferenceindepthof thequarter-chordandthethree-
qusrterchordbecomessignificantbecauseoftherelativeincreasein. chordlengthsmdthehigheranglesof attackutilized.Thefollowing
expressionfor ~ whichincludestheeffectof angleof attackwas

. usedforalllift-coefficientcalculations:
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*

(4f)2+ 8fsina + I (10)
(4f)2+8fsina+2

&

Accordingtoequation(10)with f definedasthedepthofthe
quarter-chord,~ reachesitslimitingvaluewhenthequarter-chord —
oftheliftingsurfacereachest-hefree-watersurface.Sincethelimiting
valueof ~ correspondstotheborderconditionbetweenplaningand

.-

submergedflow,thevalueof f shouldbecomezerowhentheleadingedge‘“
reachesthewater-surface.Inorderto satis~thiscondition,thevalue
of f isdefinedas.

d~sinu
f=d+ 40.05+ d (11)

where d isthedepthofthemidthicknessoftheleadingedgeinchords.
Thedifferenceinthevalueof f asdefinedinequation(1.1)andthe
actual valueofthedepthofthequarter-chordisnegligiblefordepths
greaterthan0.2chord.As thedepthofthequarter-chordisdecreased
below0.2chord,thedefinedvaluesof f becomeincreasinglysmaller
thantheactualvaluesofthequarter-chorddepthandbecomezeroatthe
quarter-chorddepthof c sinu.

E

—

Thethree-dimensionalcorrectionfactorK5 isdeterminedby con-
sideringtheeffectofanimagehorseshoevortexontheliftofa sub-
mergedthree-dimensionalliftingsurface.Theequationfor K3 iS

presentedinreference3 (whereinK3 isgivenineq=(8)ssthe
ratio I’21r1,where ~ isthecirculationatinfinitedepthand r2
isthecirculationatfinitedepth)as

a

(12)

where ‘3 istheverticalcomponentoftheinducedvelocityatthethree-
quarterchordduetothehorseshoevortexofthehydroftiland w6 is

thesimilarvelocitycomponentduetotheimagehorseshoevortex.The
inducedvelocities W5 and w6 aredefinedinreference3 neglecting
angleofattack.ticlusionoftheeffectofangleofattackresultsin

.

.
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r 1
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d

and

c
‘6‘ 2

;A( )
2f+* sina +.~cosa 2+@’

T

((

\

Thevaluesfor K, and K5 fora fewt~icalaspectratioshavebeen
computedandareshowninfigures1 and2. Fora comparisonbetween
aspectratios,thevaluesfor K, and

5
at anangleofattackof 8°

areshowninfigure3.

Thetwo-dimensionallift-curveslopeinequation(4)ismultiplied
by thetwo-dimensionaldepthcorrectionfactorK2;thisresultsin

27K,Aa
(15)cLYz=A+~+I

Thetotalliftcoefficientcorrectedfordepthof submersionisobtained
by -ng equations(’i’)and(15)andmultiplyingthesumby K3;this
resultsin

2~K5~a
CL= k!+

5( )
sin% C.Sa

A+2K, +1+ 3
(16)

--- .. .
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Dihedral.- Fora liftingsurfaceofhighaspectratiohavingdihe-
dral,thecorrectionfordepthof submergencevariesalongthespan.
Becauseofthespanwisedistributionofloading,thecorrectionfor *

depthof submersionofthehydrofoilsectionsnearthetiphasless
influenceontheoverallcorrectionfactorthandoesthecorrectionat
therootsectionwheretheloadismoreconcentrated.Inordertoavoid
thecomplicationofusinglifting-surfacetheorytoaccountforthis
distributionoflift,an ellipticalliftdistributionisassumedandthe
dihedralhydrofoilisreplacedby a zero-dihedralhydrofoiloperating
ata depthof submersionequaltothedepthof submersionofthecenter-
of-loadlocationonthesemispsmofthedihedralhydrofoil.Thedepth
of submersionoftheequivalentflathydrofoilisthen —

(17)

where ‘t isthedepthof submersionoftheqwter-chordatthetip
of thehydrofoil.Valuesof ~ and ‘3 arethenobtainedfromequa-
tions(10)and(12)byusingvaluesof f ..fromequation(17).

e
—

Sincethecrossflowtermisdependenton conditionsatthetip .
of thehydrofoil,thecorrectionfactorforthecrossflowtermis
obtainedbyusingthedepthof submersionofthetipofthehydrofoil.
Thetotalliftcoefficientofthedihedralhydrofoilisthenwrittenas

where
% isobtainedfromequation(12)by

mersionofthetipofthehydrofoil.

and

ical
(eq.

ExQ?2i3”-As seeninfigures1 and2,the

‘3 forzerodepthof submergenceis 0.5.

liftcoefficientcorrectedfortheeffect

(18)

usingthedepthof sub-

Mmitingvalueof ~

Therefore,thetheoret- ——
ofdepthof submergence

(16)) becomes,at zerodepthof submergence,

()
CL=R+$ l-~ sin2ac0sa (19)

.

.
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3
However,at zerodepthof
planeandcertainchanges

9

submergence,theliftingsurfacestartsto
intheflowconditionmustbe considered.

. Sincethereisno flow-overthetopofthel$ftingsurfaceintheplaning
conditionandthereforeno circulation,theinducedangleof attackis
droppedfromequation(1)sothat,fortheplaningcondition,

,
*

CL,2= (20)

Becauseof theabsenceof flowoverthetopof theliftingsurface,no
leading-edgesuctionactson theliftingsurface.Inthestrictest
sensethesuctioncomponentof liftshouldbebasedonlyonthelinear
term;however,comparisonofexperimentwiththeory(ref.2) indicates
thatbetteragreementisobtainedifthesuctioncomponentisbasedon
bothtermsoftheliftequation.

( )

Therefore,,theleading-edgesuction
CL sin% isremovedfromlmthtermsof theliftcoefficientsothat
thefinalequationfortheliftcoefficientofa rectangularplan-form
liftingsurfaceintheplaning

●

. o.511kcos2acL.—
A+l

conditionis

+ # (1 - ;) sin2aCos% (a)

where A isnowtheaspectratioofthewettedportionof thelifting
surface.Equation(Z) is similartotheequationfortheplaninglift
coefficientpresentedinreference2 fora flatplatewithsharpchines.

—

Theonlydifferenceinthetwoequationsisthepresenceofthe

(1 -h)
terminthecrossflowdragportionof thepresentequation.

Thedifferencein calculatedvaluesgivenbythetwoequationsisless
than2.6percentforlength-beamratiosgreaterthan2 (aspectratios
lessthan0.5)andanglesof attackof 30°or less. Thedifferences
invaluescalculatedby thetwoequationsbecomesmallerwithdecreasing
angleof attackor increasinglength-beamratio.

SummaryofFind Equations

Theliftcoefficientof submergedzero-dihedralsurfacesiscalcu-
latedfromthefollowingequation(whichiseq.(16)):

.

.

~K3fia ~lA
CL= +

A+~+I %( 3 )-m sin2acosa
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where ~ and
$5

arecalculatedfromequations

submergedsurfaceshaving.dihedral,equation(18)

NACATN4168

(10)and(12).For

CL= 2KjKyTAct
. A+2K2+1 ()‘%)t: 1-5 ‘in2ac0s

isusedwhere ~ and %
arecalculatedfromequations

byusingthedepthof submersioncalculatedfromequation

% ,t iscalculatedfrom-equation(12)by usingthedepth

theliftingsurface.

a

(10)and(12)

(17)andwhere
ofthetipof

Theliftcoefficientofthebasicflat-bottomplaningsurfacewith
sharpchinesis calculatedfromthefollowingeqwtion(whichiseq.(21)):

cL. =co’2a+Q 1
3( -$)sin% cos3cz

If thechinesarenotsharpthecoefficientofthesecondterm(4/3)is .
reducedaspointedoutinreference2. Inadditionthisreferencepro-
videsa meansforestimatingthevalueof thiscoefficientfora variety
of chineconditionsandfortakingintoaccounttheeffectsofdeadrise.

COMPARISONOFTEEORYANDEXPERIMENT

SubmergedSurfaces

Zero-dihedralsurfaces.-Experimentaldatafroma seriesofmcdi-
fiedflatplateswithellipticalleadingedges,beveledtrailingedges,
andsquare-cutsideedgeswereusedforcomparisonwiththeoryforthe

—

low-aspect-ratiocases(A= 0.125,0.25,and1.00(refs.1 and8)).
TheplatesweremountedonanNACA661-012sectionstrutatfichednesir

thecenteroftheuppersurfaceoftheplate.Theliftingsurfaces
weretestedatconstantdepthsof submersionmeasuredfromthefree-
watersurfacetothehighestpointontheliftingsurface.

—
As a result

thedepthofthequarter-chordvariedwithangleofattack.Thisvari-
ationofdepthofthequarter-chordwastakenintoaccountindeter-
miningthevaluesofthedepthcorrectionfactors.Dataforspeedsof
25and~0 feetpersecondwereusedtoprovidea usefulrangeofdata
andthusthelowspeedrangewheresomevariationofliftcoefficient
withspeedisindicated(ref.1)wasavoided.Comparisonsbetweentheo-
reticalandexperimentalvaluesofliftcoefficientarepresentedin

.

--
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figures4 to6. Goodagreementbetweentheoryandexperim-entisindi-
catedovermst of therangeofexperimentaldataavailable..

A comparisonbetweentheoreticalandexperimentalvaluesoflift
coefficientfora hydrofoilof aspectratio4 is showninfigure7.
Thetheoreticalcurvesof liftcoefficientarebasedonanglesof zero
liftcalculatedby themethodgiveninreference9. Thehydrofoilused
intheexperimentalinvestigationhadan NACA641A412sectionprofile
as shownby thesketchinthefigure.A stingnmuntwasusedto sup-
portthehydrofoilduringthetests(ref.3) sothatthehydrofoilwas
positioned1 footforwardof thesupportingstrut.Thehydrofoilwas
testedat constantdepthsof submersionmeasuredto thehighestpointof
theuppersurfaceofthehydrofoil.However,thevariationindepthof
thequarter-chordwaslessthan0.01chordintherangeofanglesof
attackusedandwasneglected.As canbe seen,thetheoryis ingood
agreementwithexperiment.

A comparisonbetweentheoreticalandexperimentalvaluesof lift

%
coefficientfora hydrofoilofaspectratio6 ispresentedinfigure8.
Twosetsofexper-ntaldataarepresentedforcomparison.Forthe
testsreportedinreference10thehydrofoil(NACA16,s-209section)
wasmountedon 3 strutsattachedto theuppersurfaceofthehydrofoil.
at the1/4-,1/2-,and3/k-spanpositions.Inthetestsreportedin
reference11thecenterstrutwaseliminated.h NACA16-509section
hydrofoilwasusedinthelattertests.Inbothsetsoftests,depths
of submergenceweremeasuredtothequarter-chordofthehydrofoil.
Goodagreementbetweentheoryandexperimentisindicated.

Twosetsofdatahavebeenobtainedwithan NACA641A412section
hydrofoilof aspectratio10andarereportedinreferences3 and1.2.
ThetestsweremadeintheLangleytankno.2 andtheewer-n-l
valuesofliftcoefficienthavebeencorrectedinthispapertoremove
theeffectoftheproximityofthesidesandbottomof thetank. The
hydrofoilwasmountedona singlestrutattachedatmidspantothe
uppersurfaceof thehydrofoil.Thedepthsof submergenceweremasured
to thetopsurfaceofthehydrofoil;however,asin thecaseforthe
hydrofoilofaspectratioh, thevariationindepthofthequarter-chord
withchangeinsingleof attackwasnegligible.A comparisonbetween
theoreticalandexperimentalvaluesof liftcoefficientfora hydro-
foilof aspectratio10 is showninfigure9. AS cm be seen, good
agreementbetweentheoryandexperimentisindicated.

Thevariationoftheoreticalandexperiment-alvaluesofliftcoef-
ficientwithdepthat a constantangleof attackis showninfigures10

* and11. Thedatapointsrepresentfairedvaluesfortheangleof attack
selected.Forthecsmberedsections(fig.Xl),theangleofattack
wasmeasuredfromthetheoreticalangleof zeroMft.

-..

—
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Thegoodagreementbetweencalculated_andexperimentalvaluesseems
to indicatethatthismethodoffersa meansof calculatingwithinengi-
neeringaccuracytheliftcoefficientsofrectangularliftingsurfaces
of a widerangeofaspectratiosoperatingatanydepthof submersion.

Dihedralsurfaces.-Thedihedral-hydrofoildatawereobtainedfrom
testsofa seriesof threehydrofoilsof aspectratio6 (ref.11). The
dihedralhydrofoilsweresupportedby 2 strutsattachedtotheupper

surfaceofthehydrofoilat the~-and :
4

-spanpositions.Theexperi-

mentalanglesofattackweremeasuredabouta horizontalaxisperpendic-
ulartotheplaneof synmetryofthehydrofoil.Sincethetruesingle
ofattackof$hehydrofoilismeasuredina planeperpendiculartothe
chordplane,thetrueandexperimentalvaluesagreeonlyat G = OO.
Changesintrueangleofattackfrom a = 0° aresmallerby thecosine
ofthedihedralanglethanthosemeasuredduringtheeqeriment.There-
fore,forcomparisonwithexperiment,thetheoreticalanglesofattack
weredividedby thecosineofthedihedralangle.Thisresultsina
morenegativeangleforzeroliftwithincreasingdihedralangle.Exper- r
imentalandtheoreticalliftcoefficientsforthethreehydrofoilsoper-
atingatvariousfullysubmergeddepthsare_showninfigures12to14.

Fordihedralanglesof 30°orless,themethodof calculationseems -
topredictwithreasonableaccuracytheliftofhydrofoilshavingdihe- ““
dralandoperatingatanytipdepth.

Figure15
valuesoflift
intheplaning

PlaningSurfaces

Bhowsa comparisonbetweentheoreticalandexperimental
coefficientfora rectangularflat-bottomliftingsurface

—

condition.Theexperimentaldataweretakenfromrefer- —
ences2 and13. me agreementbetweentheoryandexperimentis,in
general,goodandindicatesthatthemethodof calculationcanbeused
forcalculatingplaningliftcoefficientswithreasonableaccuracy.

A compositeplotoftheoreticalandexperimentalliftcoefficients
throughouttheplaningandsubng?rgedrange-ofdepthsfora flatplate
of aspectratio0.25ata constantangleof attackisshowninfig-
ure16. As canbe seentheliftcoefficientdecreaseswithdecrease
indepthof submersionandapproachesa minimumas theleadingedge
approachesthewatersurface.A suddening?easeinliftcoefficient

—

is indicatedastheleadingedgepenetratesthewatersurfaceandis‘+
followedby a moregradualincreaseinliftcoefficientwithrisedueto -
theresultingchangeinaspectratioofthewettedareawithrise. u

Thes“uddenincreaseinthecomputedvaluesatthewatersurface
isduetothefactthatinthecomputationsan instantaneouschange &
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fromthefullywettedconditionto theseparatedflowconditionwas
assumedtooccuratthispoint.Thetwototallydifferentflowregimes
resultin slightlydifferentvaluesfortheliftcoefficients~Experi-
menthasshown(ref.1)thatastheleadingedgeoftheliftingsurface
approachesverynearthewatersurfacetheflowoverthetopseparates
attheleadingedgeandformsa bubbleorblisteroverthetopof the
liftingsurface.Duringthisconditiontheliftcoefficientislessthan
thatpredictedby thetheoryforeithertheplaningorthesubmerged
condition.‘I&reforetheproposedmethodof calculatingtheliftcoeffi-
cientscanbe expectedtogiveonlyapproximatevaluesfora shortrange
of shallowdepthsof submersionwhereseparationoccursduringthetran-
sitionfromthesubmergedto theplaningcondition.

SUMMARYOFRESULTS

Theresultsofthetheoreticalinvestigationtodeterminea general
methodforcalculationofliftforliftingsurfacesmaybe summarized
as follows:

1.A generalmethodispresentedforthecalculationof liftcoef-
ficientsofrectangularliftingsurfacesofa widerangeofaspect
ratiosoperatingat anydepthof submersionbeneaththesurfaceofwater.

2. ‘I’hemethodof calculationis applicableto zerodepthof sub-
mersion(planingcondition)whenthechangesinflowconditionsare
takenintoconsideration.

3.Themethodcanbeusedforthecalculationofliftforhydro-
foilshavingdihetial.

~.Liftcoefficientscomputedby thismethodarein goodagreement
withexistingexperimentaldataforaspectratiosfrom0.125to 10and
dihedralanglesup to 30°.

--- . .

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Va.,August23,1957.

.
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